A coated-wire ion-selective electrode (ISE) based on cyclam (1,4,8,11-tetraazacyclotetradecane) as a neutral carrier in a polyvinyl chloride (PVC) matrix was fabricated for the determination of Ag(I) ions. The coated-wire ISE exhibited a linear Nernstian response over the range 1 × 10 -1 to 1 × 10 -7 M with a slope of 59 ± 2 mV per decade change and a detection limit of 5 × 10 -8 M. The ISE shows a greater preference for Ag over other cations with good precision. The electrode was selective towards Ag(I) ions in the presence of 13 different metal ions tested. The selectivity coefficients (Kij) were determined for Na(I), K(I), Mg(II), Ca(II), Ba(II), Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II), Pb(II) and Hg(II). The selectivity coefficients of these cations are in the range of 10 -4 to 10 -2 . This ISE was used for the determination of free silver and total silver in electroplating bath solutions, additives and brighteners.
Introduction
Numerous types of ion selective electrodes (ISEs) for alkali and alkaline earth metal ions based on crown ethers 1, 2 have been prepared and studied. A large number of ISEs have been developed because of applications in clinical and industrial measurements. 15-Crown-5 has been used to prepare ISE for lead, which was used for detection of lead in polluted water. 3 The substitution of sulfur and/or nitrogen atom for the ether oxygen in the coronand ring reduces the affinity of the ligand for alkali and alkaline earth metal ions. Membrane electrodes based on polythia macrocycles were developed by Casabo et al. 4 Several aza macrocycles and thia macrocycles [5] [6] [7] [8] have been tested for their use in the fabrication of Cu(II) and Ag(I) ISEs, respectively. However, it seems that no attempts have been made to make use of aza macrocycles for constructing Ag(I) ISEs. From a study of the complexation behavior of silver ions with macrocyclic compounds, 9 it was found that silver forms a strong complex with cyclam. Therefore, it was decided to develop a coated-wire ISE based on the Ag-cyclam complex. Coated-wire ISE 10 for magnesium ions and a precipitate-based ISE for manganese have been reported. 11 Here, we report on the fabrication of a coated-wire ISE for Ag(I) ions and its characteristics, which have been studied for an evaluation of its usefulness in the determination of silver ions in solutions.
One of the important aspects of using a wire-coated ISE is that it not only needs a very small volume of sample, but also provides a means for real-time analysis.
Experimental

Chemicals
All chemicals (viz. silver nitrate, copper nitrate, nickel nitrate, lead nitrate, cobalt nitrate, cadmium nitrate, zinc nitrate, sodium nitrate, potassium nitrate, ammonium nitrate, mercuric nitrate, tetrahydrofuran (THF) and diethyl phthalate) were of analytical grade and used as such. Calcium, barium and magnesium perchlorates were prepared by general methods described elsewhere. 12 1,4,8,11-Tetraazacyclotetradecane (cyclam), manganese nitrate and high molecular weight polyvinylchloride (PVC) were purchased from Fluka.
All solutions were prepared in doubly distilled deionized water and standardized by the recommended methods 13 whenever necessary.
Preparation of membrane
Equal volumes of equimolar solutions of cyclam and AgNO3 were mixed well and kept overnight for precipitation. A gray precipitate was filtered, washed with water and kept at room temperature for 24 h to obtain an electroactive material. The PVC membrane contained 5% w/w ionophore, 33% PVC and 62% plasticizer. A total of 0.6 g of these reagents was mixed with 3 cm 3 of THF. A platinum wire was coated by dipping it several times in the slurry until a bead was formed. This bead on the wire was allowed to dry in air for 24 h and used as Ag(I) ISE. Similarly, copper wire coated ISEs were also prepared.
Apparatus and emf measurements
A Cyberscan 2500 pH meter readable to ±0.1 mV with a saturated calomel electrode (SCE) as a reference electrode was used for an electrode potential measurement with a KNO3 salt bridge. The Ag(I) ISE was used as an indicator electrode.
All measurements were carried out at 25˚C with a cell of following type: SCE//Ag(I)/ion-selective membrane (bead)/metal wire To check for Nernstian behavior, standard solutions of silver nitrate in 0.05 M NH4NO3 were prepared and their emfs were noted every 2 min over a period of 15 min or less until the emfs were stable to within 0.1 mV. To evaluate the response time, the electrode was dipped into a 10 -2 M AgNO3 solution and the potentials were noted at 10 s intervals. A constant steady potential (±0.5 mV) was reached within 40 s.
The voltammetric system used for the determination of silver in electroplating samples was an EG & G Princeton Applied Research 264A potentiostat with a Model 303A electrode assembly and an X-Y chart recorder (RE0089). A platinum microelectrode, platinum-wire electrode and a saturated calomel electrode (SCE) were used as the working electrode, auxiliary electrode and reference electrode, respectively.
Sample preparation
Samples (which contained sodium/potassium/silver cyanides, sodium/potassium carbonates and/or hydroxides and some organic compounds in addition to silver) from an electroplating bath, brighteners and additives were treated with nitric acid and boiled off near to dryness followed by perchloric acid to remove any cyanide and oxidize the organic components. The residue was taken up in 0.05 M NH4NO3 after it had cooled, and appropriately diluted and used for analyses.
Results and Discussion
The coated Pt wire ISE showed a linear Nernstian response ( Fig. 1) with a slope of 59 ± 2 mV per decade over the range 1 × 10 -1 to 1 × 10 -7 M AgNO3, a response time of 40 s and a detection limit of 5 × 10 -8 M, which happens to be better than most of the ISEs reported 4,7 so far. The change in pH over the range 1.0 to 6.8 had no effect on the sensitivity and selectivity of ISE. All of our experiments were conducted in the pH range of 5.0 ± 1.0. The ISE response is attributed to the electronexchange mechanism at the membrane-contact (Pt or Cu wire) interface 14 and ion exchange at the membrane-solution interface. The selectivity coefficients (KAg,M) for 13 cations having a back ground concentration of 10 -3 M in 0.05 M NH4NO3 were determined by the mixed-solution method. 14 The selectivity coefficients of Ag(I) ISE over the metal ions are given in Table  1 . It can be seen that the ISE shows good selectivity over the transition-metal ions and better selectivity over the alkali and alkaline earth metal ions. It is interesting to note that the selectivity coefficient for Hg(II) is quite low, which is known to show serious interference in an analysis using conventional electrodes. The ISE prepared by coating on copper wire was found to give a slope of 57 ± 3 mV per decade change in concentration over the range 1 × 10 -1 to 1 × 10 -7 M AgNO3. However the response deteriorated after two weeks, giving a lower slope and poor selectivity. Also, its performance was not satisfactory in the acidic range mentioned above. When we attempted to use a coated-wire ISE with only cyclam (not the Ag-cyclam complex), it was found to show a nearly equal response to the transition-metal ions. Hence, we made use of the Ag-cyclam coated Pt wire ISE for the analysis of synthetic and real samples. Table 2 shows the results obtained by direct potentiometry for synthetic samples containing various ions. An analysis of these results shows that these metal ions do not interfere seriously.
In the process of electroplating, it is essential that the metal to be plated is in a complexed form so as to ensure smooth, bright and strongly adherent coatings. The concentrations of free silver ions in bath solutions were determined by directly dipping the ISE in the samples, and was found to be less than 10 -7 M. The total silver content in the bath solutions, brighteners and additives was determined after decomposing the cyanide and organic matter. Voltammetric method/ g dm -3 confirmed by differential pulse voltammetry (Table 3) .
Conclusion
The use of ISEs provides a means for rapid routine analysis. The platinum wire-coated ISE fabricated in the present work holds promise for the analysis of silver in various matrices, because it has good selectivity over a number of other metal ions.
